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ABSTRACT
A COST-BENEFIT ANALYSIS OF TSETSE CONTROL IN TANZANIA

By
Anni Yang

African trypanosomiasis is endemic in sub-Saharan Africa and most frequently affects
the rural poor and their livestock. The financial resources for controlling tsetse fly, the
primary vector of the disease, have been reduced since the 1970s. The decrease in funding
has partially resulted from the dissatisfaction of donors on the limited benefits from large
investment on tsetse control campaign. To analyze the cost-benefit balance of the tsetse
control campaigns in Tanzania, this study adopts McCord et al’s (2012) methods to calculate
the control costs based on the spatially and temporally constrained fly distributions, termed
control reservoirs. The benefit of tsetse fly management is evaluated based on the unevenly
distributed population densities in Tanzania. The control activities in tsetse habitats with large
population density can maximize the control benefits through the maximum reduction of
exposure potential. Therefore, the highly populated areas with frequent presence of the tsetse
flies are defined as beneficial control areas (BCAs), which are the places with over 52%
tsetse presence and population densities over 1,000 per km? in this study. The result shows
484 1km*1km BCAs identified in Tanzania with the second-order clustering patterns. This
study helps to improve the cost-benefit equation for broad tsetse control campaigns and

disease management.
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CHAPTER 1

TRYPANOSOMIASIS, TSETSE FLY, AND POPULATION IN TANZANIA

1.1 Introduction

Trypanosomiasis is a vector-borne disease cyclically transmitted by the tsetse fly. This
disease is caused by the trypanosoma protozoa and is better known as sleeping sickness in
humans and nagana in animals (DeVisser, 2009). Trypanosomiasis is endemic in more than
37 countries in sub-Saharan areas and most frequently affects the rural poor and their
livestock. For the human disease, there were three major epidemics in Africa over the last
century: one between 1896 and 1906, and the other two in the 1920s and 1970s (WHO, 2016).
In the first epidemic, the most serious one, it was estimated that about 70 million people were
at risk of sleeping sickness and resulted in 300,000 to 500,000 reported deaths (Steverding
2008; WHO, 2016). After continuous control efforts, the number of reported new cases
declined dramatically to 3,796 in Africa in 2014 (WHO, 2016). However, with more concerns
devoted to other diseases (e.g. Malaria, Ebola, Tuberculosis, HIV / AIDS) during the past 20
years, sleeping sickness is now classified as a neglected tropical disease (Yamey, 2002;
Malele, 2012; WHO, 2016). Many cases are undiagnosed or untreated, and therefore not
reported. This indicates that the actual infection rate should be higher (CDC, 2008a/2008b;
WHO, 2016).

African Animal Trypanosomiasis poses a risk to 46 million domestic animals in Africa

(Swallow, 2000). Animal trypanosomiasis affects the agricultural development and the



African economy by directly influencing livestock production. For the tsetse-infested areas in
Africa, animal trypanosomiasis reduced the meat and dairy production by at least 50%
(Swallow, 1999; Magez and Radwanska, 2014). Besides, poor livestock health, as a result of
the disease, also has an indirect impact on crop yields and areas cultivated, in terms of the
manure and animal traction (Kilemwa, 1999; Swallow, 1999).

Given the public health issue and economic burdens imposed by trypanosomiasis, tsetse
control campaigns have long been attempted to eliminate the vector (Hargrove, 2003). During
the colonial period in Africa, early tsetse control practices included wild animal removal,
population evacuation, and tsetse habitat destruction (Knight, 1971; Yorke, 1913; Hargrove,
2003). After the World War II, some contemporary control methods to control tsetse fly have
been introduced, such as insecticide spraying, sterile insect technique, and insecticide-treated
cattle (King and Crews, 2013). Detailed applications and efforts of these contemporary
control methods as applied in Tanzania will be described in Chapter 2. Despite the long-term
control of the tsetse fly, the elimination of tsetse flies has failed partly due to the limited
financial resources, tsetse reinvasion problems, poor coordination among countries, and
environmental concerns (Hargrove, 2000; Hargrove and Vale, 2005). The reduction of control
funding since the 1970s has been the result of the decreasing donor support because of the
failure of previous large investments in tsetse control (Hargrove, 2002; McCord, 2011). This
study addresses the cost-benefit balance for broad control campaigns by exploring the cost
implications for vector management and identifying the most beneficial control areas based

on the exposure potential in Tanzania.



1.2 Disease, Tsetse Fly, and Population Exposure in Tanzania
1.2.1 Geography, Tsetse Ecology and Trypanosomiasis in Tanzania

Tanzania lies in East Africa, within the African Great Lakes region. It occupies 945,203
square kilometers, and is bordered by the Indian Ocean to the east; Kenya and Uganda to the
north; Rwanda, Burundi, and the Republic of Congo to the west; Zambia, Malawi, and
Mozambique to the south. Mount Kilimanjaro in northeastern Tanzania is the highest
mountain in Africa at 5,895 meters above sea level (Agrawala et al., 2003). Lake Victoria
covering 69,490 square kilometers is Africa’s largest lake, 49% of which lies in Tanzania. It is
important to note that the focus area in this study is mainland Tanzania, excluding the Mafia
Island, Pemba Island, and Zanzibar (See Figure 1.1).

The climate varies considerably within Tanzania. The temperature of the hottest period
occurring between November and February ranges from 25 °C to 31 °C, while that of the
coldest period extends from May to August and ranges from 15 °C to 20 °C (Kasuka, 2013).
Since the country is located just south of the equator, the annual temperature for most areas is
above 20 °C.

There are two major rainfall regimes in Tanzania: uni-modal (April-October) and
bi-modal (October-December and March-May) (Zorita and Tilya, 2002). The uni-modal
regime influences the southern, western and central Tanzania. The bi-modal regime produced
by the seasonal migration of the Intertropical Convergence Zone (ICZ) is found in the north
extending from Lake Victoria to the eastern coast (Zorita and Tilya, 2002). The main rainy

season (the “long rains”) in Tanzania lasts from March to May. Another rainy season called



the “short rains” starts in November and ends in December (Camberlin and Philippon, 2002).
The “long rains” period usually has more rainfall events and lower inter-annual variability
than “short rains” (Camberlin and Okoola, 2003). The “long dry season” when rainfall is not
usual spans from June to October (Prins and Loth, 1988). The “short dry season” is generally

in January and February.
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The tsetse fly (genus Glossina) is a k-strategist insect with relatively low fecundity and
mortality rates (Rio et al., 2006). Tsetse survival depends on the availability of ecological
niche including temperature, moisture, and land covers (Pollock 1982 b, Leak 1999).
Regarding the climate conditions, tsetse flies are usually found in areas with a mean yearly
temperature between 19-28 °C (Pollock, 1982b). The fly population usually thrive when
temperatures ranges from 21°C to 26°C (Pollock, 1982b, DeVisser, 2009). However,
temperatures above 40 °C or below 10 °C are lethal to their survial (Knight, 1971; Torr and
Hargrove, 1999; Terblanche et al., 2008). Also, moisture is another essential climate
condition for the survival of tsetse flies. The low moisture levels have an adverse impact on
the fly population (Nash, 1933). The optimum saturation deficits of moisture range from 6.0
to 17.3 hPa (Rogers, 1979; DeVisser et al., 2010). In order to prevent possible desiccation,
tsetse flies pass most of their time hiding in the shaded places in particular woody vegetation
land covers (Leak, Ejigu, and Vreysen, 2008). The preferred woody vegetation is defined as a
woody plant with a diameter of 1-3cm, a height of 1-4 meters and a coarse surface
(Austenand and Hegh, 1922; Jordan, 1986; DeVesser et al., 2010). The tsetse flies prefer to
rest in the holes between the roots or around the trunks (Pollock, 1982b). The components of
tsetse ecology show in Figure 1.2. The overlap of the three components is tsetse ecology.
Currently, there are 22 different species of tsetse fly in Africa, which are divided into three
species groups: Morsitans group, Palpalis group and Fusca group (Pollock, 1982a; Moloo,
1993; Rayaisse et al., 2011). Morsitans group, known as “savannah” subgenus, have a wide

range of mammalian host species and prefer to live in the savannah (grassy woodland)



(Moloo, 1993; Pollock,1982a; Cecchi et al., 2008). They are also found in scattered thickets
and forest edges (Cecchi et al., 2008). Palpalis group, known as “riverine” subgenus, are
found in humid areas in Africa, such as the gallery forest, swamps, and riparian canopy
(Pollock, 1982a; Moloo, 1993; Tanekou et al., 2011). Fusca group are the forest flies
inhabiting forests of west, central and east Africa (Pollock, 1982a; Cecchi et al., 2008). There
are eight species of tsetse fly living in Tanzania: Morsitans group, the most widely distributed
group in the country includes four species, Glossina morsitans, G. austeni, G. pallidipes and
G. swynnertoni; Fusca group in Tanzania has G. longipennis, G.brevipalpis, and
G fuscipleuris; Palpalis group only includes one species G. fuscipes (Pollock, 1982a; Malele,

Nyingilili, and Msangi, 2011).
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Figure 1.2: Tsetse ecology. The components of tsetse ecology are shown in figure

Human African trypanosomiasis is endemic in 9 regions in Tanzania, namely Arusha,



Kagera, Manyara, Mara, Lindi, Mbeya, Rukwa, Ruvuma, and Tabora region, shown as
highlighted regions in brown in Figure 1.1 (Kibona, Nkya and Matemba, 2004). Although the
reported cases across Africa dropped by 73.4% during the recent decade, 300 new cases of
human trypanosomiasis are reported annually in Tanzania recently (WHO, 2016; Malele,
2012). Compared to human trypanosomiasis, animal trypanosomiasis is much more widely
distributed in Tanzania. In 1975, it was reported that 12,098,000 cattle, 7,160,000 small
ruminants, 161,000 equines, and 23,000 swine were at risk of the disease (USAID, 1980).
Presently, despite the control campaigns, there is still around 4.4 million livestock under risk
of animal trypanosomiasis in Tanzania (Malele, 2012).
1.2.2  Population and Economy in Tanzania

The population of Tanzania in 2015 was reported at approximately 51.82 million. The
population distribution in the country is extremely uneven, and the population densities vary
from 12 to 3,133 per square kilometer. Most people live along the eastern coast and at the
northern part of the country, while the rest is sparsely populated (Marco and Mlay, 1979).
With around 70 percent rural population, the economy of Tanzania is heavily dependent on
agriculture. As the mainstay of Tanzania’s economy, agriculture contributed to 24.5 percent of
gross domestic product (GDP), provided 85 percent of exports, and accounted for over 80
percent of the employed workforce in 2013 (NBS, 2013; ITC, 2014). Although the GDP of
Tanzania has grown impressively over the past decade, the country still remains as one of the
poorest countries in the world, regarding per capita income (Ellis and Mdoe, 2003; Mbatia

and Jenkins, 2010). People whose main source of incomes is farming or livestock are five



times more likely to be poor than those employed in other sectors (Narayan-Parker, 1997).
Poverty in Tanzania is a typically rural phenomenon: over 69 percent of poor people live in
rural areas in 2014 (World Bank, 2016).

1.3 The Statement of Problem

Limited financial resources have been the main impediment of previous tsetse control
practices (Rogers and Randilph, 2002; Shaw, 2007). Beginning from the 1970s, the funding
sources for broad control campaigns have been reduced by governments and donor groups
(Hargrove, 2000; Hargrove, 2003). In addition, among the thirty-seven tsetse infested
countries in Africa, thirty-two of them are regarded as heavily indebted poor countries
(Feldmann et al., 2005). It is quite hard for these countries to obtain the funding for tsetse
control, and Tanzania is among one of them. With two-thirds of the country occupied by
tsetse flies, the expense for tsetse eradication is simply unaffordable for the Tanzanian
government.

Moreover, the reduced funding from donors since the 1970s was partly due to the donors’
dissatisfaction with the results of previous tsetse control campaigns (Hargrove, 2002;
McCord, 2011). Balancing the socioeconomic effects and tsetse control budgets is another
challenge for the fly management. Given the unevenly distributed population in Tanzania,
population equity issue arises with the differential and political application of tsetse control.
The limited control benefits in some areas with low human and livestock populations cannot
cover the costs for tsetse fly management (Shaw, 1986). Therefore, even under the

assumption that the country could afford the control costs, the benefits to control the disease



should still be evaluated in the context of return on investment (ROI).
1.4 Purpose of Study
1.4.1 Study Objectives

The goal of my thesis research is to conduct a cost-benefit analysis of the tsetse control
campaigns to identify the places where the control benefit can be maximized by the
maximum reduction of exposure potential to balance the control cost in Tanzania.

The objectives of my thesis are:

(1) To identify the spatiotemporal distributions of tsetse flies in Tanzania;

(2) To explore the cost implications for vector management in Tanzania by maximizing
the limited financial resources based on the seasonal variations of tsetse distributions;

(3) To improve the cost-benefit equation by analyzing the spatial relationship between
tsetse distribution and exposure potential of the disease.
1.4.2 Research Hypothesis

Following the objectives, I hypothesize that: (1) There are seasonal variations among the
dynamic distributions of tsetse fly in Tanzania; (2) The control costs can be managed for ROI
by considering the spatiotemporal variability in tsetse control management; (3) The ROI for
tsetse control can be measured by studying the spatial relationship of tsetse and human

habitats.



CHAPTER 2

LITERATURE REVIEW

2.1 Transmission Cycles

Trypanosomiasis is caused by the protozoa trypanosoma and cyclically transmitted by
the tsetse fly vector (Mulligan and Potts, 1970; Hoare, 1972; Leak 1999). Trypanosomes have
a complex life cycle with differentiated biological stages inside the tsetse fly and diverse
hosts (Magez and Radwanska, 2014; Franco et al., 2015). The cycle in the fly takes
approximately 3 weeks. A healthy tsetse fly can become infected with trypomastigotes when
taking a blood meal from an infected mammalian host (Austen, 1903; Magez and Radwanska,
2014). The trypomastigotes transform into procyclic trypomastigotes and multiply by binary
fission in the fly’s midgut (Barrett and Stanberry, 2009; CDC, 2015). After leaving the
midgut, the procyclic trypomastigotes transform into epimastigotes and continue
multiplication in the fly’s salivary glands (Barrett and Stanberry, 2009; CDC, 2015). Finally,
they transform into metacyclic trypomastigotes. When an infected tsetse fly takes the blood
meal from the mammalian host, the metacyclic trypomastigotes are injected into the skin
tissue of the hosts (Magez and Radwanska, 2014; CDC, 2015). The parasites first enter the
lymphatic system and then pass through the bloodstream (CDC, 2015). Inside the body of the
host, they transform to bloodstream trypomastigotes, reach other sites of the body, and
continue replication by binary fission (CDC, 2015). Hosts are usually preferentially selected

by the tsetse fly: 1) hosts appear at tsetse-infested areas; 2) the smell or sight of the hosts is
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very attractive to the fly, like cattle; 3) hosts remain undisturbed by feeding tsetse flies,
especially when distracted by eating or drinking (Pollock, 1992b).

The transmission cycle is shown in Figure 2.1. Most tsetse-transmitted trypanosomes
occur in animal systems with asymptomatic results, but for non-resistant animals, the
trypanosomes cause African Animal Trypanosomiasis (AAT) (Steverding, 2008; CFSPH,
2009). More than 30 species of the wild animals have been described as maintenance hosts.
These include giraffe, bushbuck, warthog, reptiles, hippopotamus and porcupine. (Pollock,
1992b; Leak, 1999). Curiously, there are some wild animals not fed upon by tsetse flies under
typical conditions, including zebra, wildebeest, and many small antelopes, the reasons for

which are not fully understood (Pollock, 1992b).
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Figure 2.1: Transmission cycles. The transmission cycle and the outcomes of

trypanosomiasis are shown in this figure
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Trypanosoma can also be transmitted between livestock and game animals, when
livestock come into close proximity with bush-dwelling wild animals. Various scenarios
where wild animals and livestock interact have been proposed including, 1) wild animals
excurse into residential areas where domestic animals are kept, or domestic animals roam into
forests, 2) wild animals might appear when the herds are left untended for a long period or
allowed to wander freely 3) the grazing areas of some wild animals and livestock overlap
(Buxton, 1955; Allsopp, 1972; WHO, 2013). Trypanosomes can infect most livestock with
clinical cases reported in cattle, water buffalo, sheep, goats, camels, horses, donkeys, alpacas,
llamas, pigs, dogs, cats, also among many others (Spickler, 2010). Due to the observed
feeding preferences of the tsetse fly, cattle are the most frequently affected livestock by the
trypanosomiasis (Spickler, 2010).

The transmission of human African trypanosomiasis (sleeping sickness) generally occurs
in rural areas of subsistence agriculture or pastoralism (WHO, 2016). Sleeping sickness has
two forms, depending on the parasites involved, either Trypanosoma brucei gambiense or
Trypanosoma brucei rhodesiense (Simarro et al., 2008).

The transmission cycles of gambiense sleeping sickness and rhodesiense sleeping
sickness are different. The transmission cycle of rhodesiense sleeping sickness involves a
wide range of wild and domestic animals (Enyaru et al., 2006). Since animals act as the
reservoir hosts, 7. b. rhodesiense is usually transmitted directly from animals to humans by
the tsetse fly (Cook and Zumla, 2008). In the cases when wild animals serve as reservoirs, the

transmission of the disease is associated with the contact between human and wild animal
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reservoirs. 7. b. rhodesiense can be transmitted to humans directly from wild animals through
the tsetse fly. This usually happens when humans stepped into protected areas or forests
frequented by the fly. One typical example is the increasing reported HAT cases for visitors
or tourists in the national parks (Migchelsen et al., 2011). Also, the tsetse fly can transmit
rhodesiense sleeping sickness to humans indirectly from wild animals, passing the disease
through livestock (Franco et al. 2014). This could occur especially when the grazing areas of
livestock overlap those of wild animals due to the land-use pressure (Simarro et al., 2010;
WHO, 2013). In the cases when many livestock are infected and act as the main reservoirs
inside the tsetse habitats, the outbreaks of the animal-fly-human transmission can easily occur
in the intersection of the presence of humans, livestock and tsetse fly (Franco et al., 2014).
Rhodesiense sleeping sickness causes an acute infection leading to death within several
weeks or months. The intensified human-fly-human transmission is very unlikely and may
only occur in the epidemics (Simarro et al., 2008; WHO, 2016).

For T. b. gambiense, humans are the primary reservoirs, thus the human-fly-human
transmission of gambiense sleeping sickness is the most common form (Pépin and Méda,
2001; Franco et al., 2014; WHO, 2016). Although some animals can also harbor the parasite,
the animal-fly-human transmission cycle only occasionally occurs (Burn et al., 2010). Some
studies related the prevalence of gambiense trypanosomiasis in wild animals to that of
gambiense sleeping sickness, and suggested that wild fauna could serve as a possible animal
reservoir (Njiokou et al., 2006). Additionally, domestic animals were also reported as

reservoirs for gambiense sleeping sickness, because the same parasite has been found in
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domestic animals (mainly pigs) in some gambiense human foci (Njiokou et al., 2010). The
role played as reservoirs by pigs in the transmission of gambiense sleeping sickness was
suspected by some researchers (Franco et al., 2014). Some studies showed the parasite was
not found in livestock in some foci where the infection is common in humans (Balyeidhusa,
Kironde, and Enyaru, 2012). Other studies showed that the infection rate and genotypes of
the 7. b. gambiense parasites in humans and livestock were different, which suggested that
these livestock may not act as reservoirs for humans (Jamonneau et al., 2004). Therefore,
more researches are needed to clarify the actual role the animal reservoirs play in the
transmission of gambiense sleeping sickness (WHO, 2013; Franco et al. 2015).
2.2 Control Motivation

Tsetse and trypanosomiasis have a disproportionate impact on the rural poor and their
livestock, who live in the area prone to higher presence of tsetse and therefore a higher rates
of disease (Scoones, 2014). Tsetse and trypanosomiasis control has been historically
conducted by the African government. The overall political motivation of government-led
tsetse control operations was to reduce the impact of tsetse flies and trypanosomiasis on
humans and domestic animals (Agyemang, 2005).
2.2.1 Control Motivation for Trypanosomiasis in Africa

African Animal Trypanosomiasis (AAT) greatly affects food production and the
natural-resource utilization, so that this disease is regarded as one of the most ubiquitous and
significant constraints to agricultural development throughout much of sub-Saharan Africa

(Hursey and Slingenbergh, 1995; ADB, 2004). Animal trypanosomiasis causes countless
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deaths of livestock annually, thus directly lowers birth rates of livestock, milk and meat yields
(Maudlin, Holmes and Miles, 2004; Jordan, 1985). In endemic areas, it was estimated that
about 48 million cattle were at risk of contracting trypanosomiasis, which causes annual
deaths of about 3 million (Hursey and Slingenbergh, 1995; Ilemobade, 2009). For the direct
production in cattle, the yearly losses ranged from $ 1 billion (USD) to $ 1.2 billion (USD)
(Hursey and Slingenbergh, 1995; Ilemobade, 2009).

Additionally, animal trypanosomiasis also has the indirect impact on crop production in
terms of the availability and health of livestock for animal traction (Jordan, 1985; Swallow,
1999). With additional traction available, it could allow farmers to expand their cultivated
areas, increase crop yields, and allocate labors more efficiently (Swallow, 1999). There are
some other ways that livestock interact with the crop production, including the cycling of
nutrients through livestock, feeding livestock with crop residues, and competition between
livestock and crops for available lands (Swallow, 1999). All told, this disease impacts Africa’s
economic development by limiting the total annual agricultural income to $ 4.5 billion (USD)
below potential (FAO, 2008).

As one of the important public health issues, human African trypanosomiasis is another
motivator for the government to control tsetse flies. There are two forms of sleeping sickness:
gambiense sleeping sickness and rhodesiense sleeping sickness, as previously described.
Gambiense sleeping sickness affects 24 countries in west and central Africa (WHO, 2016).
This form causes a chronic infection: the person may not show any major signs or symptoms

of the disease for months or years after the infection (Picozzi et al.,2005). Gambiense
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sleeping sickness is estimated to account for about 98% of reported cases (WHO, 2016).
However, the rhodesiense sleeping sickness is reported in 13 countries in east Africa (WHO,
2016). This form causes an acute infection: the infected person usually shows the first signs
and symptoms in a few weeks or months (WHO, 2016). Based on the reported cases, the
spatial distributions of two types of the trypanosomes and trypanosomiasis are shown in the

following figure (Figure 2.2):
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Figure 2.2: Sleeping sickness distribution. The distribution of gambiense and rhodesiense
sleeping sickness in sub-Saharan Africa from 2000 to 2009 is shown in map (Adopted from

WHO, 2013)
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The infestation of tsetse flies used to influence the pattern of migration and human
settlement in the past few decades (Hursey and Slingenbergh, 1995). People usually
abandoned settlements and moved, due to the frequent presence of tsetse flies (Malele, 2012).
The depopulation and the lack of farming activities in the abandoned areas caused the
expansion of bushes and woody areas that were suitable for tsetse flies (Reid et al., 2000).
Currently, with the long-term control of tsetse flies, human trypanosomiasis usually affects
poor populations living in discrete rural foci (ADB, 2004). This disease can not only cost the
households in terms of treatment and time to take care of the patients, but also partly act as a
contributor to disability within tsetse-infested areas (Malele, 2012; Grady et al., 2011).

The number of new cases of the human trypanosomiasis has rapidly dropped from
38,000 in 1998 to 3,796 in 2014 in Africa (WHO, 201). However, there are still about 65
million people at risk of getting the infection and an estimation of 20,000 actual cases (WHO,
2016).

2.2.2 Control Motivation for Trypanosomiasis in Tanzania

In mainland Tanzania, about two-thirds of lands are distributed among fly belts, mainly
in coastal areas and the African Great Lakes regions (OAU/ISTRC, 1997). It was estimated
that about 40% of lands suitable for agriculture or grazing are currently tsetse-infested and
affected by trypanosomiasis, including Arusha, Kagera, Kigoma, Kilimanjaro, Manyara,
Mara, Rukwa, Tabora, and Tanga regions (See Figure 1.1) (Malele, 2012). With
approximately 4.4 million domestic animals at risk of animal trypanosomiasis in Tanzania,

annual losses around $7.98 million (USD) are incurred on the livestock industry due to low
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fertility rate, mortality, and milk yield (Shaw, 2003; Malele, 2012).

There are over 4 million people estimated at risk of getting the infection in Tanzania
(MoH, 2005a; Malele, 2012). The number of reported new cases has dropped to about 300
per year in the country (MoH, 2005a; Malele, 2012). However, this yearly reported cases for
sleeping sickness may not reflect the actual situation. First, sleeping sickness is a neglected
problem of poor rural people, thus the reported cases are likely to be underestimated (Engels
and Savioli, 2006). Second, the disease sometimes is symptomatically confused with other
disease, such as HIV/AIDS, tuberculosis, and Malaria (Malele et al., 2006; Malele, 2012).

2.3 Tsetse and Trypanosomiasis Control in Tanzania after Independence

Contemporary tsetse control methods implemented in Tanzania include insecticide
spraying, the sterile insect technique (SIT), traps and targets, insecticide-treated cattle (ITC),
and eradication campaigns (Tarimo et al., 1971 a,b; Williamson et al., 1983; Daffa, Njau, and
Mwambembe, 2003; Malele, 2012).
2.3.1 Insecticide Spraying

Insecticide started to be used against tsetse flies after World War II (De Raadt P, 2005).
Application of insecticides initially occurred as ground spraying and later aerial spraying
(Allsopp, 2001). Control campaigns using ground spraying usually required large,
well-trained teams. These people equipped with pressurized or non-pressurized sprayers were
dispatched to tsetse-infested areas and sprayed the insecticide on the vegetation frequented by
the fly (King and Crews, 2013). However, given the low efficiency and dependence on a

large amount of well-trained laborers, ground spraying was gradually replaced by aerial
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spraying and is infrequently used now (Hargrove, 2003). Aerial spraying of DDT was widely
used to reduce the tsetse population in the area of Babati, Arusha Region in Tanzania (Tarimo
et al., 1971a, b; Tarimo, 1974). It eradicated G. pallidipes successfully and decreased G.
morsitans and G.swynnertoni population substantially (Tarimo et al., 1971a,b). However, the
high cost, environmental concerns, and poor cooperation among countries has limited the
success of using aerial spraying (PATTEC, 2001).

There are also some common drawbacks for both of the insecticide spraying methods.
First, insecticide spraying rarely kills the puparia of tsetse, since the puparia are buried in the
soil. Insecticide spraying can only succeed either by using the lethal dose (residual
insecticides) which could last long enough to control the adult tsetse after they emerge from
pupa, like endosulfan and DDT, or by the reuse of non-residual insecticides, such as
pyrethroid compounds (Hargrove, 2003; McCord, 2011; Malele, 2012). Second, tsetse
reinvasion is an important concern for any control activities, especially when the barriers are
used (Muzari and Hargrove, 1996). Therefore, it is necessary to have a systematic
management for insecticide spraying from one place to another to avoid tsetse reinvasion.
2.3.2 Sterile Insect Technique (SIT)

The Sterile Insect Technique uses radiation to sterilize the male flies reducing the fertility
of the tsetse population. The mating of the sterile male with the fertile female fly hinders the
female from producing offspring (Malele, 2012). Once the female flies are mated, they will
rarely mate with other males during the course of their lives; due to this reproductive habit,

the fly population will drop significantly (Jordan, 1985). This technique was first used against
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the tsetse flies in Tanzania in the 1970s and effectively controlled the vector (Williamson et
al., 1983). The researchers supported by the Tanzania Ministry of Agriculture and the United
States Agency for International Development (USAID) set up a “fly factory” in Tanga Region
(Broad, 1978; King and Crew, 2013). Thousands of unhatched male pupae sterilized with
Cesium 137 were released to the wild every week, which led to an 81% reduction of the fly
population in trial areas (Broad, 1978; Williamson et al., 1983; McCord, 2011). However, the
lack of effective barriers resulted in the invasion of tsetse flies from uncontrolled places.
More recently, from 1994 to 1997, after the release of nearly 8.5 million sterile male flies, the
country successfully controlled G. austeni in the island of Zanzibar (FAO, 1998; Msangi et
al., 2000). In 1997, the island was declared to be free from cyclically transmitted
trypanosomiasis (Vreysen et al., 2000; McCord 2011, Malele, 2012). Zanzibar is an isolated
island away from the mainland Tanzania, which provides natural barriers preventing tsetse
reinvasion. In addition, only one species of tsetse fly existed on the island (Vreysen et al.,
2000). These two conditions increased the probability of the success for tsetse control using
sterile insect technique. However, for the mainland Tanzania, the effectiveness of sterile
insect technique is challenged by tsetse reinvasions because of the lack of barriers. Also, the
overlaps of the habitats for different species in mainland Tanzania require a more complicated
“fly factory” with different species, which results in a higher cost. Enserink (2007) suggests
that sterile insect technique only succeeds when the ratio of sterilized males to the wild males
is higher than ten to one. Therefore, SIT is usually limited to areas with low tsetse population

densities to begin with (Simpson 1958; Shaw et al., 2006).
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2.3.3 Traps and Targets

Both traps and targets use blue and black panels of cloth as visual stimuli to attract
tsetse flies to the control devices (Green, 1993; McCord, 2011). Blue is regarded as the most
attractive color to tsetse, but black is more likely to promote a settling or entry response
(Green, 1994). The targets are usually sprayed with insecticides to kill the tsetse fly, but for
traps, the insecticides can be optional. Riverine species of tsetse fly (Palpalis group) can be
effectively trapped by the devices using only the visual cues. However, savannah species
(Moristan group) are more likely to be attracted by olfactory cues. Attractants like acetone,
octenol, or cow urine are baited on the traps or targets to improve the efficacy of traps and
targets (Belete et al., 2004). The traps are usually shaped in three dimensions while the targets
are shaped in two dimensions (see Figure 2.3). Various designs of traps and targets have been
created for controlling different species and even genders of the tsetse fly in various locations
(Malele, 2012). The effectiveness of different types of tsetse traps (i.e. NGU, Epsilon and F3
types and Blue Biconical and Pyramidal traps) for the fly management in Mkwaja and

Mivumoni ranches in the northeastern Tanzania was compared (Kasilagila, 2003).
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Figure 2.3: The tsetse target and the trap. The target (on the left) is two-dimensional device
and usually applied with insecticide; The NG2G trap (on the right) is three dimensional with
insecticides as an optional choice (Adopted from McCord, 2011)

These methods were usually applied to some small-scale and sporadic control
programs in Tanzania. In 1990, tsetse trapping was employed for three months in the area of
Mkwaja where cattle were first treated with Decatix for four months. The result of the
integration of insecticide-treated cattle and traps for tsetse control showed that G. pallidipes,
G. m. morsitans and G. brevipalpis were reduced by approximately 90, 100 and 70 percent
respectively (Gao et al., 1990). Traps and targets were also used in control activities in
northern Tanzania (Muangirwa et al., 1994c) and Kasulu (Daffa et al., 2003); however, there
are no detailed documents recording the effects (Malele, 2012).

2.3.4 Insecticide-Treated Cattle (ITC)

Insecticide-treated cattle is another common baiting technique. Cattle are usually

treated with appropriate insecticide formulations, such as deltamethrin, alphacypermethrin,

and cyfluthrin, by means of cattle dipping (Vale, Mutika, and Lovemore, 1999). The
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insecticides are poured, spotted or sprayed along the parts of the body where tsetse prefers to
feed, especially the legs and belly (Torr, Hargrove, and Vale 2005; McCord, 2011). The
treated cattle are often dispersed in tsetse-infested areas to kill tsetse flies and control the fly
populations. This method succeeded in Kagera region to reduce the cases of animal
trypanosomiasis from 19,300 to 2,383, and the deaths of animals from 730 to 29 in 1997
(Hargrove et al., 2000). On the four ranches of Kagera region, the prophylaxis of
trypanosomiasis became unnecessary, since the tsetse flies had been almost eradicated
(Hargrove et al., 2003).

However, insecticide-treated cattle is expensive and not always effective. Similar to
the control activities in Kagera region, the insecticide-treated cattle with pyrethroids were
also utilized in Mkwaja Ranch, Tanga region (Hargrove et al., 2000). To eliminate the tsetse
population in the trial areas, about 8,000 cattle were dipped in synthetic pyrethroid
deltamethrin (Decatix Cattle Dip and Spray formulation) with regular frequency and grazed
over 250 km? lands in 1988 (Fox et al.,1993). The fly population decreased by over 90%
within a year leading to a dramatic improvement in herd health (Fox et al., 1993). However,
11 reported cases of animal death caused by trypanosomiasis between 1990 and 1991 in the
trial areas suggested that trypanosomiasis did not disappear completely (Hargrove et al.,
2000). Additionally, although the high-levels of trypanosomiasis prophylaxis, deltamethrin
dipping, and deployment of approximate 200 odor-baited targets were used in the study areas,
the usage of Samorin and Bereni treatments after 1993 reflected that trypanosomasis and

tsetse were still common (Hargrove et al., 2000). All told, the result of the control programs
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using insecticide-treated cattle on Mkwaja Ranch was not as effective as in Kagera Region.
The success of insecticide-treated cattle depends on several factors. First, different
from targets and traps which can be deployed at specific densities, insecticide-treated cattle
may not distribute over the control areas evenly due to the mobility of cattle (McCord, 2011).
Cattle usually avoid the places frequented by tsetse flies allowing the endemic tsetse
populations to remain. Second, the scale effects and rate of reinvasion also affect the
outcomes of the control campaigns using treated cattle (Leak et al., 1995; Hargrove et al.,
2000). In the Kagera case, the trial area (> 2000km?) regularly grazed with treated cattle
covered a large proportion of the local fly belt. At the same time, the pyrethroids were also
applied in the areas adjacent to the ranches, which effectively prevented tsetse reinvasion.
However, on Mkwaja Ranch, the control area was only 250km?. There was no organized
dipping in the areas adjacent to the ranch. Hence, the reinvasion of the tsetse flies from
surrounding places contributed to the failed control effort. Third, the control activities in
Kagera region took the advantage of the typical topography of trial area to avoid reinvasion
problem (Hargrove et al., 2000). Karagwe Escarpment on the west side and heavy settlement
on the east obstructed tsetse reinvasion in these directions. It became much easier to keep the
trial areas free from tsetse after the control activities. Fourth, there may be some other
unknown factors which can impact the effectiveness of insecticide-treated cattle, such as the
ratio of cattle to wild animals (Hargrove et al., 2000). This ratio might influence the
proportion of blood meals taken from treated cattle, which would affect the efficiency of this

control method. Fifth, the ability and willingness of livestock keepers to purchase the
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insecticide might become an issue. It was calculated that each cow would roughly cost $0.20
(USD) annually on insecticide (Torr, Maudlin, and Vale 2007). This expenditure would be an
obstacle in sub-Saharan Africa where 70 percent of populations live on less than $1.25 (USD)
per day (World Bank, 2010; McCord, 2011).

2.3.5 Eradication (PATTEC)

Africa-wide tsetse eradication is the ultimate goal for all the tsetse control campaigns.
However, the feasibility of eradication of tsetse flies has been critically reviewed by some
researchers (e.g. Hargrove, 2003; Torr, Hargrove, and Vale, 2005), even completely
contradicted by others, given the limited funding, environmental damages, and tsetse
reinvasion problems (Rogers and Randolph, 2002). Still, some researchers are ambitious
about tsetse eradication and believe that it is the best solution to change the current situation
of African rural development constrained by tsetse and trypanosomiasis (Togo, July 2000;
Kaboya, 2002; Kamuanga, 2003). In order to eradicate trypanosomiasis in Africa, the
Pan-African Tsetse and Trypanosomiasis Eradication Campaign (PATTEC) will need to play
a significant role in coordinating the continent-wide tsetse eradication, providing technical
guidance, and obtaining funding (PATTEC, 2001; McCord, 2011).

PATTEC was established as a special Project under African Union-Department of
Rural Economy and Agriculture (AU-DREA), with members such as Food and Agriculture
Organization (FAO), World Health Organization (WHO), the African Union Inter-African
Bureau for Animal Resources (AU-IBAR), and International Atomic Energy Agency (IAEA)

(Taverne, 2001). PATTEC advocated sustainable approaches and claimed that the
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environmental impact of all control activities should be considered before the implementation
(PATTEC, 2002). Besides, PATTEC also suggested the deployment of large-scale control
campaigns and announced that eradication is a “once-and-for-all cost” (Kaboya, 2002;
McCord, 2011). In July 2000, Tanzania joined the PATTEC, agreed on the coordinated
control efforts, and agreed to use an Area-Wide and Sustainable Approach to eliminate tsetse
and trypanosomiasis (Malele, 2012).

However, obstacles for PATTEC remain. First, the costs of tsetse eradication exceed
the current economic ability of many African governments and institutions (Rogers and
Randolph, 2002; McCord, 2011). Second, without any fallback position, the failure of
Area-wide eradication is much more serious than that of control campaigns (Rogers and
Randolph, 2002). Last but not least, cooperation among countries could result in an increase
in foreign exchange debt (Rogers and Randolph, 2002). In consideration of all the challenges
described, it becomes inevitable that the preference is for smaller-scale, less expensive, and
more sustainable control methods.

2.4 Costing Tsetse Control and Cost Benefit
2.4.1 Costs of Tsetse Control Campaigns

The cost of field control using the previously described techniques has been recorded
since the early campaigns. In 1910, the glutinous black clothes were regarded as a
cost-effective method to control tsetse fly in the island of Principe (Madolado, 1910). Wilson
(1953) indicated the cost of ground spraying with DDT was estimated at $47.5 (USD) per

mile for eradicating G. palpalis in Kenya Colony. In 1991, NG2B tsetse trap created by
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Brightwell et al. (1987) was baited with acetone and cow wurine, for
controlling G.pallidipes Austen and G. longipennis Corti in Kenya (Brightwell, Dransfield,
and Kyorku, 1991). The cost of this improved trap was estimated to be about $8.5 (USD) per
unit per annum (Brightwell, Dransfield, and Kyorku, 1991). For the aforementioned
successful case of using sterile male technique in Zanzibar, Tanzania, approximate $6 million
(USD) was spent during the study period (Fahey, 2013). More recently, about $12 million
(USD) was spent on a “fly factory” for sterile male technique in Ethiopia, which was
expected to eliminate tsetse flies in Southern Rift Valley by 2017 (King and Crew, 2013).

Besides the costs for control techniques in the field as described above, the costs for
administration were also suggested to be included in the total cost for tsetse control
campaigns (Barrett 1997, Shaw et al., 2007). In order to calculate the accurate costs for
control activities, a detailed economic estimation for different alternatives to deal with tsetse
and trypanosomiasis in Uganda was developed by Shaw et al. (2007) and included items used
not only in field control operations, such as insecticide spraying, sterile male technique, as
well as traps and targets, but also in some non-field activities, such as surveying, monitoring
and administrative management (ADB, IAEA and PATTEC, 2004; Shaw et al., 2007).
2.4.2 Cost Benefit

Since the 1970s, there has been a noticeable reduction on the financial resources to
support tsetse and trypanosomiasis control by African governments (Hargrove 2000). In
addition, the control funding from donors has declined, with some donors concerned about

the significant environmental impacts of extensive scale control campaigns. Others were
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suspicious of the benefits from the control activities, considering the limited success of the
previous fly managements (Hargrove 2000). Therefore, it is of great necessity to weigh
against the cost and benefit of the vector control (Shaw et al., 2007).
2.4.2.1 Cost Benefits for Animal Trypanosomiasis

Tsetse and trypanosomiasis depress African economic development (Scoones, 2014).
Studies on the benefits and costs of tsetse control have been conducted extensively across
Africa (for example, Itty, 1992; Swallow, 2000; IAEA, 2002; Alsan, 2014). Kristjanson et
al. (1999) used an economic surplus model to analyze how demand and supply would be
shifted, particularly in dairy and meat production on a continent-wide scale, with the
assumption that a vaccine was developed for trypanosomiasis. Budd (1999) estimated how
African agriculture would be improved with an increase in the number of cattle after the
removal of tsetse flies in some large tsetse-infested areas in Africa. Some of the benefits of
tsetse control were suggested including tripled milk production, doubled beef productions and
a five-fold rise in the number of farmers who fertilize crops with manure (Kabayo, in IAEA
press release, 2002). Return on investment of about 34% has been estimated after the
eradication of tsetse flies in Ethiopia (Salifu, Asuming-Brempong, and Alhassan, 2010).
Recently, the economic benefits of combatting bovine trypanosomiasis in Eastern Africa were
mapped; this was achieved by weighing the benefits of each bovine (in $USD) and expanding
the data to a square kilometer resolution, based on the distribution of cattle (Shaw et al. 2014).
The results showed a maximum benefit for stakeholders at nearly $2.5 billion (USD) and an

average of approximately $3,300 (USD) per square kilometer of tsetse-infested area.
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2.4.2.2 Cost Benefits for human Trypanosomiasis

For controlling the human trypanosomiasis, the benefits should include the costs for both
human case finding and treatment (Shaw, 1989). Shaw’s study created a standardized
economic measure for the benefit called a benefit unit, which was defined as a year’s
infection avoided because of tsetse and trypanosomiasis control for each vulnerable person
(Shaw, 1989). For some cases, in which the disease influences the routine work of the patient,
the loss of individual income should also be included in calculating the benefits.

Besides, in Shaw’s (2003) study, the relationship between human population density and
the cost-benefit balance during the tsetse control project was analyzed, as shown in Figure 2.3.
The red line represents the relationship between the human population density and the total
discounted benefits of tsetse control. In the aforementioned study, a 10 percent discount rate
was applied to convert the costs and benefits to present values (Itty et al., 1995). The number
of people who benefit from control activities is low at low population densities, despite high
tsetse populations. As people start colonizing the control areas, increases in the number of
livestock improve not only meat and dairy production but also crop production due to animal
traction (Shaw, 2003). However, after the human population exceeds some threshold, a large
number of livestock may not be able to be kept, which leads to a reduction of benefits (Shaw,
2003). As shown in the theoretical line chart, the control benefit increases immediately and
rapidly at low population density, however, higher population density has a lower and later
control benefit. The blue line indicates the relationship between the total discounted costs and

human population density. As population densities rise, the habitats of tsetse flies are
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occupied by humans; thus, the costs to control the tsetse-infested areas declines. The
inversely proportional relationship might be caused by the discounts as previously described.
There are two turning points in the economics of long-term tsetse control operations: the first
one occurs when the human population densities and the associated livestock population
densities increase to a certain size which makes the control benefits equivalent to the control
costs; The later one occurs when the rising human population densities affect the livestock
population and livestock numbers have ceased to expand as they have reached carrying

capacity, so that the benefits on agricultural productions would be only enough to cover

control costs (Shaw, 2003).

A

ptl

pt2

Benefits and Costs per km?

v

Population Density per km?

=== Total discounted costs over 20 years
== Total discounted benefits over 20 years
o Turning points

Figure 2.4: Theoretical model. The figure shows the relationship between cost-benefit

balance and population density during tsetse control campaigns (Adopted from Shaw, 1986)
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CHAPTER 3

METHODOLOGY

The identification of tsetse infested areas is of primary importance. The Tsetse Ecological
Distribution (TED) model (DeVisser et al., 2010) which incorporates both a fundamental
niche model and a species movement model was used to produce the predicted dynamic
distributions of the tsetse flies. Model parameterizations and processes will be described in
section 3.1 below. These tsetse distributions were then used for both the control cost analysis
and cost-benefit analysis.

Section 3.2 describes a cost model adopted from McCord et al. (2012) to calculate the
expenses for tsetse management in Tanzania. Given the seasonal fluctuations of the tsetse
distributions, control reservoirs (CRs) were identified as the places to conduct tsetse control
campaigns (McCord et al., 2012). Tsetse zones (TZs) defined as the maximum spatial extent
of tsetse distributions over the study period were also identified (McCord et al., 2012). The
identification of CRs and TZs will be detailed in 3.2.1 as below. Fly management tasks were
divided into field-control and non-field control. The cost model (McCord et al., 2012)
designed to at maximize limited resources for tsetse control was applied to both the control
reservoirs and tsetse zones and is discussed in 3.2.2.

Given the limited funding for tsetse control, it is necessary to identify the most beneficial
areas to conduct the tsetse control campaigns. The cost benefit analysis for tsetse control

activities will be described in section 3.3. Beneficial control areas are the highly populated
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locations with high tsetse burdens. The details of each component in the cost-benefit balance

model for tsetse control shown in Figure 3.1 will be elucidated in this chapter.
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Figure 3.1: Data Frame Diagram. Cost-benefit balance model for tsetse control
3.1 Tsetse Ecological Distribution (TED) Model
Given the spatio-temporal fluctuations of tsetse distributions, remotely sensed data are

often applied to simulate the ecological niche of the tsetse flies (Rogers et al., 2004). The
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Tsetse Ecological Distribution (TED) model, developed by DeVisser et al. (2009) offers a
solution for identifying tsetse fly habitats. This model is designed to predict the spatial and
temporal distributions of the Morsitans group (Savannah) (DeVisser et al., 2010). This group
is the most widely distributed in Tanzania. The TED model consists of two sub-models: a
fundamental niche model and a fly movement model (DeVisser et al., 2010). The suitable
habitats for tsetse flies are identified using a fundamental niche model based on suitable land
cover with woody vegetation (Pollock, 1982a; Pollock, 1982b), moisture (NDVI>0.39)
(Lovemore, Flint, and Cockbill, 1988; Williams et al, 1992b) and temperature (day
temperature: 17°C~40°C; night temperature: 10°C~40°C) (Mellanby, 1936; Leak, 1999;
Muzari and Hargrove, 2005). The fly movement model calculates the realized niche based on
the fundamental niche model by expanding the fly distributions at a rate of 500 m (2 grid
cells) per 16 days (Leak, 1999; Hargrove, 2000). If the fly distributions expand to pixels
which are not the suitable habitats, the TED model predicts no tsetse exists in these locations.
Similarly, this rule also applies to pixels changing from suitable to unsuitable habitats where
the existence of tsetse distributions was previously simulated (DeVisser et al., 2010). Thus,
the tsetse distributions will shrink when the surface areas of suitable tsetse habitat decline. In
this way, the TED model produces a unique tsetse fly distribution with a 16-day MODIS
interval, thus, track tsetse distributions spatially and temporally.

The data inputs for the TED model were MODIS Normalized Difference Vegetation
Index (NDVI) data, land surface temperature (LST) data, and land cover data for Tanzania.

The MODIS Terra NDVI 250m V005 (MODI13Q1) product from NASA was used as a
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surrogate for available moisture. Here we used 253 MODIS NDVI scenes acquired from 1
January 2001 to 19 December 2013, with an increment unit of 16 days. Upon inspection of
the MODIS NDVI data, a scan line error was identified for the image taken on the 305th day
of 2004; a value for the missing data was interpolated using the mean data values for the
same location on 289th and 321st day of 2004. MODIS Terra Day and Night LST 8-day L3
Global 1km (MODI11A2) V005 products were acquired from NASA to serve as the daily
temperature reference. 16-day interval LST data were used in the fundamental niche model to
match the same scene of NDVI data. MODIS Terrat+Aqua Land Cover Type 1 Yearly L3
Global 500m V005 (MCD12Q1) products from NASA with 1km spatial resolution were
employed to identify the vegetation covered land for tsetse habitats.

The TED Model required a starting tsetse distribution for initialization. However, due to
the potential overestimation of the first initialization and the unknown tsetse starting
distribution, data for two years, 2001 and 2002, were used. The output of the model
initialization served as an input for the starting distribution, ensuring a stable tsetse
distribution. Fly fundamental niches were expanded using the movement rate from the fly
movement model, producing the realized niche, which resulted in 253 realized niche
distribution maps containing binary data regarding the presence or absence of tsetse flies.
These distribution maps were then summed (i.e. ), 253 binary distribution maps) and
divided by 253 to create the probability distribution map of tsetse flies. Each pixel value

represented the percentage of tsetse presence during the study period.
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3.2 Cost Model

Decision-making and economic strategies for tsetse control are complex, with a wide
range of choices to be made on control location, timing and methods (Shaw et al., 2013). This
section focuses on each of these points and uses a spreadsheet cost model to calculate the cost
of fly management in Tanzania.
3.2.1 Definition of Fly Belt, Tsetse Zones, and Control Reservoirs

The TED outputs of binary tsetse distribution maps over the study period are used in this
sub-section aimed at detecting the exact location and timing of constrained tsetse
distributions optimal for tsetse management campaign. These constrained distributions which
are the suitable habitats limited by seasonal variations are named as control reservoirs (CRs)
(McCord et al., 2012). Also, another feature, tsetse zones (TZs), is also introduced to compare
to the CRs. TZs are defined as the maximum spatial extent of tsetse distributions over the
study period (McCord et al., 2012). The aforementioned three layers for tsetse control are

shown in Figure 3.2.
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Tsetse Zone

Control Reservoir

Figure 3.2: The three layers for tsetse control. Layers for fly belt, tsetse zone, and control
reservoir.

3.2.1.1 Fly Belt

Tsetse fly belts are usually created to separate the control areas for effective fly
management and serve as the administrative units during tsetse control activities (McCord et
al., 2012). However, there is no uniquely accepted definition of fly belts; thus, no exact
boundaries of fly belts exist (McCord et al., 2012). Historically and currently, the fly belts
have been generated based on the distribution of fly species and influenced by different
climate conditions and land covers (Ford and Katondo, 1975; Rogers and Robinson, 2004;
Rollinson and Hay, 2012). According to Ford (1971), the fly distributions of Glossina
Morsitans group could be simply separated into three fly belts, one in coastal areas of
Tanzania, one in western areas and one in eastern Lake Victoria regions. Each belt comprised
different species: G. morsitans were located in both coastal and western areas; G. pallidipes
were distributed in the same areas as G. morsitans and also in western Lake Victoria areas; G.

swynnertoni occupied only eastern Lake Victoria areas. With similar tsetse distributions
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generated by TED model, three fly belts were also suggested in this study, i.e. Coastal and
Southern Tanzania Region Belt, Western Tanzania & Great Lakes Region Belt, and Eastern
Lake Victoria Region Belt. The creation of fly belts helped the identification of CRs and TZs
in the following sections.
3.2.1.2 Tsetse Zones

Tsetse zones (i.e. the maximum spatial extent of distributions) nested in each belt were
identified following methods outlined by McCord et al. (2012). Two hundred fifty-three fly
distribution maps were summed to produce the maximum extent map. The fly distributions in
the maximum extent map were expanded by 3 km, considering these two conditions: 1) a fly
can move with a front distance of 1km per month; 2) the main rainy season (or the “long
rains”) lasts 3 months from March to May in Tanzania, (Leak, 1999; Hargrove, 2000;
McCord et al., 2012). If the tsetse distributions were separated from the major distributions
with an area over 150 km? after expansion, they were regarded as isolated TZs; otherwise,
smaller isolated TZs ( < 150 km?) were grouped to the nearest isolated TZ meeting the size
requirement (i.e. >150 km?) (McCord et al., 2012). The procedures to identify the TZs are

given in Figure 3.3
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Figure 3.3: Procedures of TZ identification

3.2.1.3 Control Reservoirs

In contrast to TZs, CRs are the suitable habitats temporally constrained by seasonal
climatic conditions (McCord et al., 2012). According to the dynamic tsetse control model
Tsetse Muse, a 216-day control period using targets can eradicate tsetse by reducing the fly
population to 0.5 flies per km? (Vale and Torr, 2005). Therefore, a targeting period of 216
days is identified based on the minimum area interval of the tsetse distributions in a year
(McCord et al., 2012). Although the length of the targeting period is fixed, the starting date of
the targeting period for each TZs/CRs might be different, which will be described in the next
chapter. This targeting period is optimal for eliminating tsetse since it generally covers the
cool dry season and the short rain season; traps and targets can perform more effectively
without the impact of rains on insecticide (Williams et al., 1992a). It is also more convenient
to set up, replace and repair targets in dry seasons.

The procedure of CR creation in this study was to initially detect the presence or absence
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of tsetse flies within each TZ for eleven years using the TED model. In order to ensure that
CRs cover fly distributions over the 216 targeting days, tsetse presence or absence in this
period with the largest surface areas for each year was selected and summed to generate a
probability map. The reason for choosing the largest surface areas was to ensure the CRs
covered the tsetse distributions for the whole 216 targeting period. Finally, locations with a
probability value over 50% were selected as CRs (DeVisser et al., 2010; McCord et al., 2012).
The threshold of 50% was chosen because CRs represent the places where tsetse is reliably
present, rather than the sites where the presence of tsetse fly is associated with abnormal

climatic events. The flow chart to identify CRs shows in Figure 3.4.

Largest surface area
(Year 1)

Largest surface area

(Year 2) Probability map

Largest surface area

(Year 11)

Figure 3.4: Procedures of CR identification
3.2.2 Tsetse Fly Management
The data and methods used for cost analysis on tsetse control in Tanzania were
developed according to three previous studies. The input data to calculate non-field control

cost were based on AU, IAEA, and ADB (2004) document. For the analysis of field control,
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we adopted Shaw et al.’s (2007) input data and flows of field control operations. The above
two studies were then combined to analyze tsetse control cost in Tanzania, following McCord
et al.’s (2012) method used in Kenya. A list of the selected inputs and their prices to
accomplish the tsetse control campaigns used in this study is given in Table 3.1. These costs

are calculated at end 2010 prices.

41



Table 3.1: Costs of selected inputs used in all tasks in tsetse control campaign

Inputs |Input life (yrs)lTotal Cost (aunual cost)
General equipment

4%4 vehicle 5 $30,000 ($6,000)
Lorry 5 $30,000 ($6,000)
Bicycle 6 $80 (513.33)
Motorbike 6 $2,500 ($416.67)
Laptop computer 3 $3,000 ($1,000)
Radio set 5 $500 ($100)
Camping equipment |5 $400 ($80)
Specialized equipment

Target 1 $8 (88)

Trap 1 $8 ($8)

Satellite imagery 6 $700 ($116.67)
Land use/veg. map 6 $20,000 ($3333.33)
GPS unit 3 $30 ($10)
Dissection microscope |6 $1,000 ($165.67)
Compound microscope |6 $2,000 ($333.33)
Portable Generators 5 $1,000 ($200)
Printer 5 $500 ($100)
Dissection kit 6 $110 (§18.33)
Sample Vial 1 $0.1 ($0.1)
Consum.Parasit. 6 $5,000 ($1,000)
Sampling equipment |5 $1100 ($220)
Recurring specialized equipment

Training - field staff |1 $125 ($125)
Delta-methrin 1 $350 ($350)
Octenol 1 $1.50 ($1.50)
Acetone 1 $3.50 ($3.50)
Fuel/maint. vehicle 1 $32/day

Human resouce salaries

Team leader 1 Varies
Entomological ass't 1 $25/day

Laborer 1 $5/day

Driver 1 $17/day

Adopted from McCord et al. (2012)
Notes: The salaries of “Team Leader” varies depending on different control activities, since

the responsibilities vary across activities. The types of team leaders include general team
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leaders ($30/day), biochemists ($30/day), consultants/ecologists (3130/day), medical officers
(830/day), socio-economists ($130/day), and veterinary officers ($30/day).
3.2.2.1 Non-field Control
Non-field control includes surveying and monitoring tasks, such as socioeconomic

survey, and sleeping sickness survey as well as environmental and entomological monitoring.
It also includes administrative costs, since all activities in the field are managed and
supervised by a central administration office (Shaw et al., 2007). Non-field control activities
are usually performed before field control. These studies and surveys help to conduct and
support tsetse control in the field.
1) Entomological Survey and Tsetse Fly Population Genetics Survey

This task including the trapping and getting samples of tsetse flies, as well as studying
the genetics of the sampled tsetse flies occurs in Year 1(McCord, 2011). These surveys take
180 days as a total.
2) Socioeconomic Survey

The socioeconomic survey is an important task to study the socioeconomic status of the
households living in the tsetse-infested areas before the implement of field control (McCord,
2011). The results of the survey directly influence the evaluation of the control benefits after
the removal of tsetse flies. This task takes place in Year 1 and usually lasts for sixty days.
3) Sleeping Sickness Survey

The sleeping sickness survey is usually conducted in the second year to study the risk of

getting the infection of sleeping sickness. The duration for this survey is also sixty days.
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4) Parasitological and Serological Data Collection

This task includes parasitological and serological tests to study the prevalence of animal
trypanosomiasis (Seck et al., 2010). The parasitological and serological data collection occurs
in Year 2 for 180 days to collect the information for animal trypanosomiasis, aiming at
identifying where to target to prevent AAT. This task occurs for 180 days after the field
control operations to test if the disease has been controlled in the area.
5) Environmental Impact Assessment

The environmental impact assessment includes identifying if the food sources or
harvesting practices will increase chances for human exposure to deltamethrin, finding
measures to avoid or reduce any impacts to humans and environments, as well as studying the
biodiversity of non-target organisms such as soils, insects, and aquatic organisms (MoLD,
2013). The operation will last for ninety days in Year 2.
6) Sleeping Sickness Active Case Finding

This survey is undertaken for the surveillance of the areas where sleeping sickness is
known to be endemic, and the treatment of diagnosed cases (McCord, 2011). This task occurs
each of the years that field control occurs (i.e. Year 3, Year 4, Year 5). The duration is ninety
days.
7) Environmental and Entomological Monitoring

In this operation, the environmental and entomological parameters are under surveillance

to estimate the impact due to the field control (McCord et al., 2012). The monitoring occurs
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each of the years that field control operations are taking place (i.e. Year 3, Year 4, Year 5).
The duration is ninety days.
8) Administration and Office Support

Administration and office support is a central coordinating office to organize meetings,
and conduct or supervise all the surveys, monitoring and control operations in the field. It
usually runs throughout the whole fly management, that is, six years in this study.
3.2.2.2 Field control

Field control operations comprise two phases: deployment phase and targeting phase

(McCord, 2012). The deployment phase usually takes place in four months before tsetse flies
maximized their spatial footprint. During this period, targets are deployed, baited and sprayed
with deltamethrin insecticide (McCord, 2011). Once the tsetse flies are confined to the spatial
limits of CRs, the targeting phase is performed for the next seven months (McCord et al.,
2012). During this period, the targets are left to eliminate tsetse flies. Since some targets
might be damaged or stolen, they should be re-baited with octenol and acetone, re-sprayed
and replaced from the third month of the targeting period to the sixth month (Brightwell et
al., 2011; McCord, 2011). McCord et al. (2012) suggest that 17 percent of targets be replaced
during this period to re-treat the targets with insecticides (McCord et al., 2012). During these
two phases, it is assumed that a laborer is able to set up, bait and spray four targets a day
(McCord et al., 2012). Schedules for each task in both non-field control and field control are
tabulated in Table 3.2. The detailed items used in non-field control activities and the

determination of the number of capital and labor inputs are listed in Table 3.3. The items used
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in the field and the determination of the number of field control capital and labor inputs are
listed in Table 3.4.

Table 3.2: Schedule of tasks in tsetse control campaign including field and non-field control

Year . Duration
. Activity
(Discount Factor) (days)

Western & Great Lake Region Belt

Field Control
CF
EE

6 PS 180
-0.751

Source: Adapted from McCord et al. (2012).

Notes: Field control includes 120-day development and 216-day targeting phase.

Non-field control: ET — Entomological Survey and Tsetse Fly Population Genetics Survey.
SE — Socioeconomic Survey. SS — Sleeping Sickness Survey. PS — Parasitological and
Serological Data Collection. EA — Environmental Impact Assessment. CF — Sleeping

Sickness Active Case Finding. EE — Environmental and Entomological Monitoring.
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Table 3.3: Determination of the number of non-field control capital and labor inputs

Input

Explanation

Entomological Sur

vey

Teams One team consisting of a team leader, three entomological
assistants (EAs), and one driver assigned for each 2,000 km?
surveyed.

Equipment One per team: Dissection microscopes, Compound microscopes,

Portable generators, Camping equipment, Printer, 